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Abstract: Lighting products are essential for our modern life nowadays, but they also produce high
negative impacts on the environment. Although there are tools and methods available for reducing
the environmental impact of lighting products, it is a challenging task to integrate them throughout
the product development process. To overcome the challenge, this research developed an approach
to integrate tools/methods relevant for the eco-design through product development process to
reduce the environmental impact of lighting products. Six types of methods, such module design,
and 30 tools, such as lifecycle assessment software packages, are considered in the integrated ap-
proach. The product specification with eco-constrains is established for implementation at each
design stage to ensure the product eco-features. The approach was applied in the development of an
LED table lamp which was then assessed in comparison with a benchmark LED lamp regarding envi-
ronmental lifecycle impact and lighting performance. The comparative assessment results indicate
that the LED lamp developed with this approach is much better than the benchmark lamp.
Keywords: eco-design; lighting product; life cycle assessment (LCA); integrated approach; prod-
uct design specification; sustainable design; sustainable manufacture; environmental impact
1. Introduction
Lighting products are essential for our modern life nowadays. However, they also
consume a large amount of resources and produce considerable harmful emissions. Ac-
cording to the United Nations Environment Programme, lighting contributes about 15%
of electricity consumption and 4.6% of greenhouse gas emissions in the world [1]. Dur-
ing the use phase, lighting products account for about 20% of global building electricity
consumption [2]. These have resulted in high negative impacts on the environment and cli-
mate change. By 2030, the work of initiatives to mitigate the impacts is projected to deploy
50% more lighting globally while consuming 50% less energy compared to today [3].
Design is the most important factor in reducing the product’s impact on the environ-
ment [4], because over 80% of all product-related environmental impacts can be influenced
during the design phase [5]. Similar statements can be found in many sources in the liter-
ature, for example, the publications by Olesen [6], Graedel, Comrie and Sekutowski [7],
McAloone and Bey [8], Church [9] and more. Therefore, eco-design has been applied to
reduce the lighting products’ impact on the environment.
There has been a rich literature about the definition of eco-design. A simple definition
of eco-design would be creating products considering their environmental impact during
their entire “life”: from their manufacturing process, to their use and their disposal [10].
Eco-design is further defined in [11] as both a principle and an approach. It consists of inte-
grating environmental protection criteria over a service or a product’s lifecycle. The main
goal of eco-design is to anticipate and minimize negative environmental impacts (of man-
ufacturing, using and disposing of products). Simultaneously, eco- design also keeps a
Sustainability 2021, 13, 488. https://doi.org/10.3390/su13020488 https://www.mdpi.com/journal/sustainability
Sustainability 2021, 13, 488 2 of 23
product’s quality level according to its ideal usage [11]. Charter [12] stated that eco-design
is an integrative ecologically responsible design discipline. Eco-design can also be posited
as the process within design and development of integration environmental consideration
into product design and development with the aim of reducing environmental impacts
of products through their life cycle. The official online channel for business advice and
guidance in Northern Ireland [13] provided ten core environmental considerations at the
heart of eco-design and advised that products or services should be evaluated according to
these principles and their environmental impact, as well as the potential for improvement
or change.
According to the above, this research considers the eco-design as a process to create
products aiming at reducing environmental impacts through their life cycle and also keep-
ing their quality level according to their ideal usage. In addition to product design spec-
ification, conceptual design and detail design, this process also includes prototyping,
testing and manufacture, results of which validate the designed product.
Product design specification (PDS) is established at the beginning of the product
design stage. It is a fundamental control mechanism that allows the success of the prod-
uct development. The PDS methods and applications can be found in several well-known
design publications. In the total design approach [14], PDS is a design core acting as the
mantle or cloak that envelops all stages and controls the total design activity because it
places boundaries on the subsequent designs; 32 PDS items are detailed and how to imple-
ment them through the total design process is explained. Ulrich and Eppinger [15] referred
to PDS as product specifications and presented how to develop the specifications, includ-
ing four steps to establish target specifications and five steps to set the final specifications.
PDS is also defined as a requirement list utilised throughout the product development
process [16,17].
Although the PDS method has been utilised in product design for many years, the in-
corporation of reducing product impact on the environment in the PDS has not been
given enough attention. To address this issue, this research has developed eco-PDS for
lighting products, which specially focuses on the product’s impact on the environment and
is utilised in the development of lighting products.
There are several studies published in eco-design of lighting products. For example,
Zehra, Korkmaz and Ahmeda [18] conducted research in sustainable lighting systems for
university buildings. Balocco and Volante [19] considered a museum environment as a
case study to implement a lighting design system to reduce energy consumption, whilst en-
hancing information and perception. Klaassen, et al. [20] investigated the eco-efficient
value creation of residential street lighting systems by simultaneously analysing the value,
costs and eco-costs during the design and engineering phase. Wang, et al [21] conducted
the life cycle assessment of five domestic lighting products existing in the market, and,
based on the assessment results, a new sustainable lamp was developed. Richter, Tähkämö
and Dalhammar [22] investigated the trade-offs with longer lifetimes of LED lamps consid-
ering product development and energy contexts. Shahzada, K., et al [23] investigated three
types of street lighting luminaires (high pressure sodium, compact fluorescent and LED),
using Sustainable Process Index and LCA methods, and concluded that the LED luminaires
were more environmentally friendly in terms of carbon footprints and energy consump-
tion. Katzin, et al. [24] conducted a study for energy savings in greenhouses by transition
from high-pressure sodium to LED lighting. Zhang, K., et al. [25] proposed an economics
strategy for criticality with an application to the rare earth element Yttrium in new lighting
technology and its sustainable availability.
The literature review reveals that although there has been research conducted in
various areas related to environmental impact of lighting products, a comprehensive study
about the eco-design of LED lighting products has not been sufficiently investigated.
To address the issues identified above, an integrated approach for eco-design of LED
lighting products is developed by this research, which covers all stages of the product
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development process including design, prototyping, testing and manufacture. The eco-PDS
is implemented at each stage within the lighting product development process.
In the following sections of this paper, the integrated approach for eco-design of
lighting products and the eco-PDS development are presented first, and then applied
into the development of an LED table lamp. Finally, a comparative assessment of the
developed LED table lamp using life cycle analysis and other performance criteria, e.g., lu-
minous efficacy, energy consumption is conducted to compare its environmental impact,
light performance, and energy efficiency-efficacy with a benchmark LED table lamp made
by the same manufacturing company. The results show that the new LED table lamp
developed in this study reduced its environmental impact and achieved higher efficacy
and energy-efficiency values compared with the benchmark LED table lamp, indicating the
success of the integrated approach and the eco-PDS method.
2. Research Methods
2.1. The Integrated Approach for Eco-Design
2.1.1. Methods and Tools Considered in the Integrated Approach
Although there are tools and methods available for reducing the environmental impact
of lighting products, it is a challenging task to integrate them throughout the product
development process including design, prototyping, test and manufacture. To overcome
the challenge, this research developed an approach to integrate tools/methods relevant for
the eco-design of lighting products, as shown in Figure 1. The methods and tools selection
are based on its relevance to support the assessment (e.g., assessment-related tools and
methods) and reduction (design related tools and methods) in the environmental impact of
LED-based lighting products. In addition to the selection criteria, they are also selected
based on their effectiveness (e.g., results accuracy, consistency and reliability), after short
trials with all the available methods and tools relevant to this area.
Figure 1. Integration of relevant tools and methods within the eco-design process.
The methods considered for product eco-design in this approach include:
• Elaboration of product design specifications with eco-constrains, such as reduction
in product carbon footprints, energy/material consumption, waste, contribution to
climate change.
• Product lifecycle impact assessment methods, such as Recipe, EI-99 and material foot-
prints.
• Product failure analyses, such as failure mode, effect and criticality analyses.
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• Eco-design methods, such as modular design, design for repair, design for recycling,
and design for disassembly
• Eco-manufacture and eco-packaging.
The tools considered for product eco-design in this approach include:
• Regulations, directives and standards related to product eco-design, for example,
directive 2012/19/EU ‘Waste electrical and electronic equipment (WEEE) [26] (Eu-
ropean Commission, 2012)’. Standards related to LED and lighting, for example,
standard ‘UL8750-2009: Light Emitting Diode (LED) Equipment for Use in Lighting
Products’ [27].
• Software-based tools are used for selection of LED chips and life cycle assessment
(LCA) software packages, such as SimaPro [28].
• Light analysis/measurement tools are used to validate/confirm the efficient light per-
formance (light quantity/quality and power consumption) of the LED lighting prod-
uct, for example, goniophotometer [29].
More information about the above tools can be found in [30], which presents two reg-
ulations, nine directives and 26 standards related to product eco-design, and [31] which
contains 13 standards related to LED and lighting, 7 software tools, and 9 light analysis
and measurement tools.
2.1.2. The Integrated Approach
The approach covers several stages including the elaboration of Product Design
Specification (PDS), concept design, detail design, prototyping, testing and manufacture,
as illustrated in Figure 1.
In the PDS elaboration stage, eco-constrains are derived from various sources such as
relevant directives, regulations, eco-design guidelines, standards, etc. These eco-constrains
are incorporated into the PDS.
In the conceptual design stage, to meet the PDS elaborated in the previous phase,
design concepts are generated and then evaluated against the PDS evaluation criteria.
In the detail design stage, the product is further developed from the concept ob-
tained in the conceptual design phase. The major tasks include selection of components
(e.g., LED chips, heat sink, and LED driver), materials selection, and product configuration.
Several software tools are utilized to select components and conduct the detail design.
Relevant standards are also referred to during this stage of the process to ensure the product
quality and to meet the PDS.
In the prototyping and testing stage, the prototype of the product is produced and tested,
proper testing equipment is utilized to test the product performance. The LCA methods, eco-
design methods and product failure analysis methods, which are mentioned in Figure 1,
are utilized in this phase. A comprehensive LCA is conducted at this stage, and a suitable
LCA software, such as Simapro, is utilized.
In the manufacturing stage, relevant eco-manufacturing and eco-packaging methods
are applied to reduce waste, material, energy consumption, and impact on the environment.
Relevant standards are also followed at this stage to ensure product quality.
2.2. Eco-Product Design Specifications (eco-PDS)
The product design specification (PDS) plays an important role in the product de-
velopment. The PDS has to be met at each stage of the product development. In other
words, the PDS is a control mechanism to ensure the product to achieve the expected
function [8]. Therefore, it is necessary for the PDS to include the eco-features of the product,
i.e., eco-PDS, in order to ensure that the product reduces its impact on the environment.
The PDS selected for this study were based on a summary of the relevant PDS applicable
to the specific LED-based lighting product of this case study, and were obtained from
existing best practices from handbooks, books, academic papers and relevant directives,
regulations and standards.
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In this research, the following eco-PDS items are specified during the PDS configura-
tion stage:
• The product should use as small a number of components as possible, whilst main-
taining the required functions.
• Extend the product lifespan. The product should be durable, and its components
should have easy access for repair.
• Apply eco-design methods, such as modular design, design for easy repair and
upgrade, design for disassembly, design for reuse, etc.
• Facilitate easy disassembly such as less number and types of joints used in the prod-
uct, and avoid special tools for disassembly and non-detachable joints (welded or
glued joints).
• Use the minimum type of materials, which facilitates the sorting of components for
reuse and recycling when the product reaches its end of service life.
• Avoid the use of (1) sticker-labels on the product materials, (2) finishes in materials,
and (3) toxic materials.
• Use low environmental impact materials and manufacturing processes.
• Conduct life cycle impact assessment in order to reduce product’s negative impacts.
• Comply with regulations, directives and standards related to eco-design of products
• Enable eco-manufacture.
To establish the eco-PDS, relevant directives, regulations and standards are consid-
ered. For example, the ‘Restriction of Hazardous Substances (RoHS) directive’ restricts
the use of six hazardous materials: Lead (Pb), Mercury (Hg), Cadmium (Cd), Hexava-
lent chromium (Cr6+), Polybrominated biphenyls (PBB) and Polybrominated diphenyl
ether (PBDE) in the manufacture of various types of electronic and electrical equipment.
Derived from this directive, the ‘avoidance of using toxic materials’ is specified in the PDS,
and all the components (e.g., LEDs, driver, circuit), including their finishing processes used
in the lighting product to comply with RoHS.
3. Development of the LED Table Lamp by Utilizing the Integrated Approach
The LED table lamp shown in Figure 2 was developed using the integrated approach,
as a demonstrator of the EU FP7 cycLED project [32]. This product was manufactured by
Ona Product S. L., a lighting product manufacturer in Spain, and is now available at the
company’s online shop [33].
Figure 2. The LED table lamp developed by this research [33].
In this section, the above-mentioned LED table lamp is used to illustrate how the
integrated approach presented in Section 2 is applied in the process of developing an LED
lighting product.
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3.1. Conceptual Design
Following the total design method [14] and market demands, the concept of the
LED table lamp was developed, as shown in Figure 3. Because it is a design concept, de-
tailed structure and dimensions are to be determined at the detail design stage. In addition
to traditional PDS, such as those stated in [14–17], the product concept was developed also
in compliance with the eco-PDS presented in Section 2.2.Sustainability 2020, 12, x FOR PEER REVIEW 7 of 27 
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Figure 3. CAD model of the LED table lamp concept.
In the following context, each eco-PDS is shown in italics, followed by explanations
how the conceptual design complies with the eco-PDS.
Use fewer components: The product is made of 3 main parts, and the architecture of the
product is very simple, which make it easy to dismantle for repair, and/or recycle.
Increase product lif span: Seve al strategies hav been implemented to increase the
product lifespan: (1) Increase the reliability of the pro uct, (2) design t e product for
easy disassembly, (3) long warranty, (4) design a system to incentivize the return of products,
(5) Register with WEEE to facilitate recycling and (6) informing the consumer how to use,
repair and where to dispose the product for recycling.
Use recycled materials: The main materials used in the product are aluminum and PMMA.
The aluminum is 100% from recycled aluminum.
Improve the energy-efficiency of the product: The LED driver has been selected to optimally
function with the LED, to save energy and extend lifespan. Energy-efficient light sources
have been used.
Use the minimum type of different materials: The number of materials used in the product
have been r duce to 2 mai mat rials (in the housing) f r easy separation.
Application of eco-design methods/principles: (1) Design for disassembly: The product has
a basic architecture with three main parts, including light diffuser, base and electronic set
(LED, electronic driver and assessors), which facilitate disassembly for recycling. It uses
eight screws that can be dismantled to have access to all internal components without
breaking the product (non-destructive disassembly). It can be dismantled with a common
screwdriver. (2) Des gn for easy repair and upgrade: The product’s imple archi e ture with
few parts facilitates easy disassembly. It does not use non-detachable joints so the product
can be dismantled, repaired and assembled again without breaking the product (non-
destructive disassembly). It is easy to access the electrical-electronic components that may
fail or become out of date. (3) Use standard components, and provide product structure
and disassembly information with suppliers’ name and component ref. to consumers to
facilitate repair and upgrade outside the warranty period.
Avoid several issues in order to comply with the eco-PDS: (1) Avoid the use of special tools
for disassembly: The only tool required for disassembly of the product is a commonly used
screwdriver. (2) Avoid non-detachable joints (welded or glued joints): All the joints used
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in the product are detachable, so the product can be dismantled without breaking it (non-
destructive disassembly). (3) Avoid the use of labels: Labels are not used on the product
and the packaging, which facilitates recycling of the materials. (4) Avoid the use of finishes
on the materials: The materials used have no additional coating, which facilitates recycling.
Reduce the weight and volume of the product and packaging: The volume of the product
is quite small, and the total weight is 601 g. This contributes to reduce the impact caused
during distribution. The geometry of the product also facilitates packing more products
within the same volume, which also reduces the impact in the distribution stage.
Compliance with eco-regulations and eco-directives including (1) Energy labelling directive
(2010/30/EU) [34]: The packaging of the luminaire provides information about energy
consumption, light output performance, and useful lifetime of the light sources used. (2) Re-
striction of Hazardous Substances (RoHS) directive [35]: The product and all the compo-
nents included comply with RoHS directive. (3) The Eco-design directive (2009/125/EC) [36]:
The LED driver-LED system has been optimized to save energy, and energy-efficient light
sources have been used. In terms of materials, the lifespan of the product has been ex-
tended, it has been applied into the design of the product so it is easy to dismantle to
facilitate easy repair, upgrade and recycling. Recycled aluminum material is used to make
the base, recyclable plastic material is used to make the casing, and both the components
are recyclable.
3.2. Detail Design
In the detail design stage, the design complies with the eco-PDS, and relevant software
is utilized to conduct the detail design. Figure 4 shows the table lamp that resulted from
the detail design.
Figure 4. The LED table lamp prototype manufactured after detail design.
3.2.1. Compliance with the eco-PDS
Due to the limitation on the length of this paper, only selected eco-PDS items are
mentioned in this sub-section as follows (the eco-PDS is shown in italics, followed by
explanations how the design complies with the eco-PDS).
Specify reliable components from well-known suppliers: LEDs and LED drivers have
been outsourced from well-known suppliers (Samsung supplied the LEDs, and Lumotech
supplied the LED driver), and the models selected have passed rigorous reliability tests
and servicing for these components is assured with following well established suppliers.
• LEDs specifications: LED chips, Samsung LM561A—5630 Middle Power LED [37].
• Driver specifications: Lumotech, LEDlight Micro series—L05050/L05150 [38].
The driver features a series of properties that contribute to extend its lifespan and its
energy-efficiency (and the whole luminaire): Open circuit protection, overload, over voltage
and over temperature protection, high power factor (0.91), Future-proof flexibility: industry
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leading output voltage range enabling seamless support of LED generations and minimiz-
ing supply chain complexity. The warranty is 5 years (around 50,000 operative hours),
in order to match the LED long lifespan (50,000 h.).
The LED chips have passed rigorous reliability tests and are PB free and comply with
RoHS [35] and REACH [39].
Reduce the number of joints: The product only has three joints to join the three main
parts (diffuser, heat sink and casing). These three parts are joined by pressure-fit. These will
enable not only easy assembly, but also easy disassembly of the product when the product
reaches its end of life (EoL).
Reduce the type of joints: All the joints used are the same type (e.g., pressure-fit),
which avoids the need of using different tools for disassembly to make disassembly easier
to enable easy to repair the product or to recycle the product when it reaches its EoL stage.
Integration functions: The base, which is a main part of the lamp, is made of aluminum
and also functions as heat sink. This is an example of integration of two functions from
two components in one component, which saves material and energy typically used in the
manufacturing of new parts, and hence reduces the impact on the environment.
The product should have easy/fast disassembly: The initial structure (Figure 5) of the prod-
uct was revised and optimized to reduce the number of disassembly steps, joints and com-
ponents. Screws have been eliminated and all the parts are now assembled by pressure-fit.
This easy/fast disassembly feature enables easy repair of the product or recycling of the
product when it reaches the EoL.
Figure 5. Initial structure of the LED table lamp.
Compliance with standards: LEDs and drivers selected from suppliers should have
passed the highest standard possible. The following standards are utilised to double check
the quality of the components selected from suppliers. (1) British standards EN55015 [40],
EN61000-3-2 [41], EN61347-2-13 [42], EN61347-1 [43], EN61547 [44] and EN62384 [45]:
These standards are related with reliability and safety of drivers. Some of these are required
to comply with the basic CE label for devices that have to be commercialized in the EU,
and others specify performance requirements that can be over the standards required.
The LED driver selected (Lumotech LEDlight Micro series—L05050/L05150) complies with
all the standards mentioned above and presents some advanced features which make the
driver (and hence the whole lighting system) more reliable and long lasting. The advanced
features achieved include short and open circuit protection, overload and over voltage pro-
tection, Safety Extra Low Voltage (SELV), future-proof flexibility, and industry leading
output voltage range enabling seamless support of LED generations and minimizing sup-
ply chain complexity. (2) IES-LM-80 [46] and IES-TM-21 [47]: These are standards and
methods for testing the estimated lifespan of LEDs. LEDs have to be outsourced from
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suppliers that provide lifespan data based on these standards in order for the results to be
reliable and comparable with other suppliers. The LEDs selected (Samsung LM 561A–5630
middle power LED) provided performance datasheets based on these standards.
The above eco-PDS items have been specified in Section 2.2, and this section shows
how the detail design complies with them. Design experience and knowledge are important
to provide input to meet the requirements of particular PDS items, such as the inputs to
meet the requirement ‘easy to repair the product or to recycle the product when it reaches
its EoL stage’ mentioned in the above PDS items Reduce the number of joints, Reduce the type
of joints, Integration functions and Easy/fast disassembly.
3.2.2. Utilization of Software Tools
The following software tools are utilised to select/design the components of the table
lamp prototype:
LED-driver selector web-based tool [48]: The driver selector tool helps to choose the
optimum driver type (in terms of performance) according to specific LEDs type and perfor-
mance. Once the brand and general type of components (LEDs and driver) were selected,
the specific performance (model) of each type of component (LED and LED-driver) is
confirmed based on the results of this tool to optimize the energy efficacy of the LED-LED
driver system.
Thermal resistance datasheets: Thermal resistance datasheets were used to guide heat
sink design and dimensions (Figure 6). The aluminum-made extruded heat sink initially
designed by ONA was improved and optimized in a second iteration using the thermal
resistance datasheets and the experience of external consultants. In the new design, the heat
sink was made as part of the base. These changes were carried out to optimize the thermal
performance of the heat sink.
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3.3. Prototyping and Test
In this stage, the manufactured prototype of the LED table lamp was tested and anal-
ysed to confirm that the final real product will pass all the tests and standards required.
In so doing, software-based tools, hardware tools, and testing methods were used. To illus-
t ate how the h rdware tools and software tools w re used in this phas , the light analysis
(using goniometer) and the environment impact assessment (using LCA software) are
presented in Sections 3.3.1 and 4, respectively.
The types of tests/analyses and tools used in this stage are briefly presented in
this sub-section, as shown below.
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3.3.1. Type of Tests/Analysis Involved
Luminaire efficacy test: The efficiency and efficacy of the electronic components, sub-
systems and whole luminaire have been tested, measured and analysed: The efficiency
of the driver is: 80.4%, the LED and LED-driver system efficacy is: 112 Lm/W, and the
luminaire efficacy is: 26.08 Lm/W. All these values were considered adequate in terms of
energy-efficiency/efficacy.
Energy consumption test: The energy consumption of the luminaire is 5.6 W. The mea-
surement was taken after a 30 minutes-period to allow stabilization of the light source
and lighting system energy consumption, and it was measured using a plug-in power
meter [49].
Light analysis test: The Light performance of the luminaire was measured and analysed.
The results are shown in Section 3.3.4 (Light analysis). To conduct the analysis and mea-
surement several tools were used: Goniometer, Lux meter, Colorimeter, luminance meter,
power meter and software-based tools (ProSource and Photometrics Pro). The results of
the light performance of the Light sources (LEDs) alone were obtained using IES- LM-80
(IES, 2008a, 46) and TM-21 [47] test standards. The whole luminaire was tested following
IES-LM-79 [50] standards.
Disassembly test: A disassembly test was carried out, where a user not familiar with the
product was assigned to dismantle the product without instructions and with a common
screwdriver as an only tool. The disassembly of the luminaire took around 5 min to take
apart the main parts and components.
Environment impact assessment: The environmental impact of the luminaire was as-
sessed and analysed. The results are shown in Section 4.
3.3.2. Utilization of Software-Based Tools for the Analysis
The following software tools were tilized:
ProSource [51]: This software can process the data captured by the goniometer, and trans-
late it into EULUMDAT and IESNA photometric files that can be exported and analysed in
Photometric analysis software. The light performance of the prototype was analysed to
obtain the photometric files and calculate the efficacy of the luminaire.
Photometrics Pro [52]: This software can analyse the data contained in EULUMDAT
and IESNA photometric files and translate it into graphs-results which show the light
performance (e.g., light distribution, light intensity, beam angle) of the luminaire. After us-
ing the goniometer and ProSource software to obtain the EULUMDAT and IESNA files,
these were used in Photometric Pro to analyse the light parameters and performance of
the luminaire. Photometric files (via Photometrics Pro) ultimately can provide the light
distribution of the luminaire, which can help to reduce the energy consumption. If the light
distribution is known, the light output of the luminaire can be used more efficiently.
SimaPro [28]: This software is used to assess the environmental impact of the luminaire.
To conduct the analysis, the prototype was dismantled, all the materials and substances
were weighted, and the values were input into the software for analysis. The results of
the assessment showed the total environmental impact of the total luminaire, each life
cycle stage, and each process and material used. This information was used to determine
which product life cycle stage and components had higher impact to inform possible further
eco-design improvements to reduce the impact of the luminaire.
3.3.3. Utilisation of Hardware-Based Tools for the Measurement
The following hardware tools were tilized:
Source meter [53]: This is a tool used to measure the energy efficacy of the LED,
LED driver and the system combining the LED and LED driver, among other functions.
Once the LEDs and LED drivers were selected based on the criteria of energy efficacy,
compliance with RoHS, reliability and serviceability; these were then tested with a source
meter to confirm the energy efficacy of each component, and to find out the energy efficacy
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of the LED-LED driver system. The efficiency of the driver was 80.4%, and the efficacy of
the LED-LED driver system was 112 Lm/W, which are good values.
Goniometer [29]: This tool is used to capture and measure the photometric data from
the luminaire. The light performance of the prototype was measured using the goniome-
ter, and photometric files (EULUMDAT and IESNA) were produced using ProSource
software [51].
Illuminance meter [54]: This tool is used to measure the illuminance of the luminaire
in lux. This value is necessary to carry out the analysis with the goniometer and obtain the
photometric files. The illuminance of the prototype was calculated when the luminaire was
mounted on the goniometer previous to conduct the full light goniometer analysis.
Colour meter [55]: This tool is used to measure the Correlated Colour Temperature
(CCT) in ◦Kelvin (◦K) of light sources or luminaires. The CCT of the luminaire was
measured as part of the light analysis. CCT measurements are required because the colour
temperature of the luminaire may differ from the one provided by the light source supplier
when the light source is used within the luminaire whole system. The luminaire function is
to provide a specific light quantity and quality, so both parameters need to be measured.
These parameters also affect the energy used and the lifespan of the luminaire.
Power meter [49]: This tool is used to measure the energy consumption of the luminaire.
The energy consumption of the prototype was measured before the light analysis with
the goniometer. The measurement was carried out after 30 min of functioning in order to
allow the luminaire consumption to stabilize.
3.3.4. Light Analysis
The light measurement and analysis (Figure 7) were conducted to assess the light
performance and energy consumption of the whole luminaire. The light analysis pro-
vides photometric data about the light performance of the luminaire (Table 1), which can
contribute to reducing energy use, because if the light distribution and intensity of the
luminaire is known, the light can be used more efficiently. For example, the user can use
the appropriate amount of light where it is needed, hence avoiding ‘wasted’ light and
unnecessary energy consumption. In addition, the luminous flux (obtained in this light
analysis) of the luminaire is required to calculate the luminaire efficacy.
Figure 7. (a) The lighting analysis using Gonio photometer and (b) Polar candela diagram.
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Table 1. Light analysis results.
Analysis Items New LED Table Lamp Benchmark Lamp
LED useful lifetime 93,000 h. (L70) 40,000 h. (L70)
Energy consumption (luminaire) 5.6 W 6.7 W
Luminous flux (Luminaire) 146.1 lm 102.5 lm
Luminaire efficacy 26.08 lm/W 15.29 lm/W
Light source efficacy 123 lm/W 56.66 lm/W
Luminous flux (Light source) 30 lm × 20 chips = 600 lm 340 lm
CRI (light source) 80 80
CCT (light source) 4000 ◦K 4000 ◦K
Beam angle—vertical spread (luminaire) 280.3◦ 102.1◦
Beam angle—horizontal spread (luminaire) 26.2◦ 96.3◦
Figure 7 shows the lighting measurement using Goniophotometer and measurement
results shown in Polar candela diagrams. This figure graphically illustrates the light
intensity at specific directions from nadir. Intensity is on the vertical axis, and radial lines
indicate elevation angles from nadir to 180◦. This diagram shows the maximum luminance
angle is very close to 90◦.
Table 1 shows the lighting measurement results of the LED table lamp developed
by this research (new LED table lamp) and the benchmark LED table lamp (see Figure 8
and Section 4.1 for more information). The comparative results shown in Table 1 indicate
that the LED table lamp developed by this research consumes less energy (5.6 vs. 6.7)
and produces more light output (146.1 vs. 102.5), and consequently has higher ‘luminaire
efficacy’ values (26.8 vs. 15.29) than the benchmark table lamp. Higher luminaire efficacy
means producing more light with less energy, thus having less environmental impact.
Other values such as colour temperature (4000 ◦K) and CRI (80) are equal in both products,
which is necessary for an objective LCA comparison. The luminous flux output of the
new LED table lamp (taking into account the total amount of LED chips) is higher than
the benchmark lamp (600 vs. 340). The light source lifespan is higher in the LED table
lamp than that in the benchmark lamp (93,000 vs. 40,000) which means that the new LED
table lamp has a longer lifespan than the benchmark lamp, although the actual number of
hours depends on the operating conditions and the lamp design (thermal and electrical
sub-systems design). It has to be noted that the lifespan has been calculated based on L70
tests standards, which means that after this time the LED has not failed, but its light output
has been decreased below 70% of its initial light output.
Figure 8. Benchmark lamp [31].
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The lifespan of light source luminaires and Luminaire efficacy are the two key factors
(from lighting measurement and analysis) that influence the environmental impact of an
LED-based lighting product. Longer lifespans mean longer lasting products (and hence
resource efficiency), and higher luminaire efficacy means more energy-efficient products
that consume less energy whilst producing the same light output.
3.4. Manufacture
As a simple lighting product, the majority of parts and components of the LED table
lamp developed by this research are provided by the suppliers and subcontractors, and the
final product is assembled by Ona Product S. L.
To achieve the aim of increasing resource efficiency and reducing environmental im-
pact, the product is manufactured in compliance with the following eco-PDS:
• Simplify the manufacturing process and use fewer processes in order to reduce energy
consumption and waste.
• Use local suppliers in order to reduce transportation’s impact on the environment
• Implement long term warranty (ONA provides: 5 years warranty)
• Provide exploded view with components and suppliers of each component to facili-
tate repair.
• Provide information about how and where to dispose the product to facilitate recycling
and reuse.
• Encouraging online sale/purchasing of the products to reduce the retailers’ and
consumers’ travel impact on the environment.
• Complies with the ‘Waste of Electrical and Electronic Equipment (WEEE) directive
to encourage the consumers to recycle the end of life products, and the manufacture
reuses the parts, which are still functional, of the recycled products.
4. Environmental Impact Life Cycle Assessment
The assessment is conducted to evaluate the environmental impact of the new LED
table lamp developed using the integrated approach of this study (so called new table
lamp hereafter), taking into account the full product life cycle. The assessment is conducted
in accordance with the international standards ISO 14044 [56], as detailed below.
4.1. Aim and Scope
The aim of the study is to assess and compare the environmental impact of the new
LED table lamp as shown in Figure 2, in comparison with the benchmark LED table lamp
shown in Figure 8 (so called benchmark lamp hereafter) which is also produced by ONA,
using the LCA method.
As stated in the previous sections, the new table lamp is for general indoor (IP 20)
lighting applications and its main materials used are PMMA and aluminum. A total of
50% of the product is made of recycled materials: the housing and heat sink area made of
recycled aluminum. The product presents a simple structure with three main parts that
can be disassembled fast and easily without special tools. The technical specifications of
the LED table lamp can be seen in Table 2.
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Table 2. Technical specifications of new LED table lamp and benchmark lamp.
Parameters New Table Lamp Benchmark Lamp
Weight (g) 540 734
Luminous flux luminaire (lm) 400 440
Luminaire efficacy (lm/W) 71.4 55
Power consumption of luminaire (W) 5.6 8
Color Correlated Temperature (CCT) (◦K) 4000 4000
Color Render Index (CRI) 80 80
Luminaire useful lifetime (h) 93000 (L70) 93000 (L70)
The benchmark lamp is also an LED-based table lamp (IP 20) for indoor lighting appli-
cations, and its main materials used are Plastic and Aluminum. The technical specifications
of the benchmark lamp can be seen in Table 2.
4.2. System Boundaries
The assessment comprises cradle-to-grave life cycle processes. The following life
cycle stages are included in the assessment: manufacture, distribution, use and end of life.
The packaging of the product and maintenance during the ‘use stage’ has not been included
in the assessment.
The geographical area considered for the electrical grid used during the use phase,
and the distribution (transport) of the product is Spain.
The average distribution distance considered from the factory to the point of sale or
consumer is 316.9 km using trucks of 40 Tonnes.
The power consumption considered in the assessment for both luminaires during
the ‘use phase’ is 400 W for the new table lamp and 440 W for the benchmark lamp.
The useful lifespan considered is 93,000 h (L-70) for the new table lamp and 40,000 h (L-70)
for the benchmark lamp, according to the LED lifespans provided by the LED supplier,
which is obtained based on the TM-21 method. Although the LED supplier provides
an estimated useful lifespan, it is probable that the real lifespan of the whole LED table
tamp will be shorter, because the lifespan of the LED inside a lighting system and in real
(non-controllable) operative conditions will not be the same (usually shorter) as the lifespan
of the LED package in controlled LAB operative conditions. Nevertheless, we used those
data as the useful life assumptions to compare the two LED table lamps.
Regarding the disposal stage, it is assumed that both LED table lamps are recycled
following manual and mechanical processes: the luminaires are dismantled manually first,
and the major plastic and metal parts and electronics are separated. The remaining parts go
to automatic mechanical pre-treatment processes by, such as, shredder and metal/plastic
types separators. The amount of recycled material at this stage is about 80%. The man-
ufacture and maintenance of the machines used during the whole recycling process are
not considered. The remaining % (dust) that is not recycled (loss) is collected and sold
to another company, but since there is no data about this process it is not considered in
the assessment.
4.3. Functional Unit
The functional unit used for the comparative assessment of the two luminaires is the
production of 440 Lm of lighting service for 93,000 h (L-70) with the following quality of
light: Color Correlated Temperature (CCT) = 4000 ◦K, and Color Render Index (CRI) = 80.
Since the amount of lighting produced by the benchmark lamp is higher than the new
table lamp (e.g., 440 vs. 400), the quantity of the new table lamp has to be adjusted,
(e.g., multiplied or divided by a factor), to equal the same light (quantity) output as the
benchmark lamp to be compared. To equal the quantity of light, the amount of light
produced by the new table lamp (400 lm) has to be multiplied by 1.1 in order to produce
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the same light output as the benchmark lamp, and this is factored in the environmental
impact assessment results of the new table lamp. The quality of light is the same in
both luminaries, so there is no need to adjust it in this study; however, it could be adjusted
by comparing the photopic curve with the light source specific spectral power distribution.
Essentially, comparing the areas of both luminaires’ light sources against the photopic
curve gives the difference in efficacy.
4.4. Life Cycle Inventory
The Bill of Materials (BoM) of both luminaires used in the assessment is shown in
Tables 3 and 4. These tables show the composition of both LED table lamps per material
after the disassembly of both products by a company that works in the areas of recycling,
dismantling and remarketing the scrap of electronic devices.






PWB class 1 6
PWB class 2 74
Total: 540







Components containing precious metals 14
PWB class 1 (LED PWB) 8
PWB class 2 58
Total: 734
4.5. Life Cycle Impact Assessment (LCIA) Method
The LCIA method used in the assessment was the Eco-indicator 99 method (Hierar-
chist version) [57]. This LCIA method was selected because it provides a single score result
which allows easier comparison between products. Using an end-point method based on
a single score also facilitates decision making, since it is easier to see which product has
higher impact. It also facilitates the communication of environmental impact results to
stakeholders who are not familiar with impact categories, because it communicates the
results using a single score.
In the Eco-indicator 99 method, normalization and weighting are performed at damage
category level. There are three damage categories: Human Health (HH), Ecosystem Quality
(EQ) and Resources (R), and eleven impact categories: Fossil Fuels, Minerals, Land Use,
Acidification/Eutrophication, Ecotoxicity, Ozone Layer, Radiation, Climate Change, Respi-
ratory Inorganics, Respiratory Organics and Carcinogens.
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4.6. The LCIA Results and Discussion
The results of the comparative assessment are presented in the following sections
in several formats: Per end-point damage category (Section 4.6.1), per impact category
(Section 4.6.2), and per process contribution (Section 4.6.3).
The unit used to quantify the environmental impact with the Eco-indicator 99 method
is the Eco-indicator point (Pt.). The absolute value of the points is not very relevant as the
main purpose is to compare the relative difference between products or components.
4.6.1. Results per Damage Category
The results (Figure 9 and Table 5) of the comparative assessment are presented in the
following three end-point damage categories: Human Health (HH), Ecosystem Quality
(EQ) and Resources (R).
Figure 9. Results per damage categories of the new lamp (left) and benchmark lamp (right).
Table 5. Results per damage category.
Damage Category Unit New Table Lamp Benchmark Lamp
Total Pt 14.608934 43.883193
Human Health Pt 8.1495463 24.665901
Ecosystem Quality Pt 0.74406188 2.2643321
Resources Pt 5.7153254 16.95296
Results show (Figure 9 and Table 5) that the Benchmark luminaire (comparative
product) has much higher environmental impact than the LED table lamp developed
(43.88 vs. 14.60). The damage category with higher impact in both products is ‘Human
Health’ (Demonstrator: 8.14 vs. Benchmark: 24.66), followed by ‘resources’ (Demonstrator:
5.71 vs. Benchmark: 16.95), and ‘ecosystem quality’ (Demonstrator: 0.74 vs. Bench-
mark: 2.26). In all damage categories the comparative product has higher values than
the demonstrator.
4.6.2. Results per Impact Category
The results (Figure 10 and Table 6) of the comparative assessment are presented
in the following eleven impact categories: Fossil Fuels, Minerals, Land Use, Acidifica-
tion/Eutrophication, Ecotoxicity, Ozone Layer, Radiation, Climate Change, Respiratory In-
organics, Respiratory Organics and Carcinogens.
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Figure 10. Results per impact category of the new lamp (left) and benchmark lamp (right).
Table 6. Results per impact category.
Impact Category Unit New Table Lamp Benchmark Lamp
Total Pt 14.608934 43.883193
Carcinogens Pt 2.3647265 6.3496849
Resp. organics Pt 0.002005205 0.004417073
Resp. inorganics Pt 4.6684448 14.851242
Climate change Pt 1.0569012 3.2767993
Radiation Pt 0.057182945 0.18285652
Ozone layer Pt 0.000285721 0.000901272
Ecotoxicity Pt 0.3950197 1.1628713
Acidification/Eutrophication Pt 0.26057544 0.83088608
Land use Pt 0.088466741 0.27057473
Minerals Pt 0.36076051 0.81276345
Fossil fuels Pt 5.3545648 16.140197
When we look at the results per impact category, we can see that the impact category
with higher value for both products is ‘fossil fuels’ (the new lamp: 5.35 vs. the benchmark
lamp: 16.14). This is due to the high demand for energy (and electricity production) to make
the products function during their useful lifespan. The second impact category with higher
impact is ‘respiratory inorganics’ (Demonstrator: 4.66 vs. Benchmark: 14.85), followed
by: ‘carcinogens’ (the new lamp: 2.34 vs. the benchmark lamp: 6.34), ‘climate change’
(the new lamp: 1.05 vs. the benchmark lamp: 3.27), ‘ecotoxicity’ (the new lamp: 0.39 vs.
the benchmark lamp: 1.16), ‘Minerals’ (the new lamp: 0.36 vs. the benchmark lamp: 0.81),
‘acidification/eutrophication’ (the new lamp: 0.26 vs. the benchmark lamp: 0.83), ‘Land
use’ (the new lamp: 0.088 vs. the benchmark lamp: 0.27), ‘radiation’ (the new lamp: 0.05 vs.
the benchmark lamp: 0.18), ‘respiratory organics‘ (the new lamp: 0.0029 vs. the benchmark
lamp: 0.00441) and ‘ozone layer’ (the new lamp: 0.00028 vs. the benchmark lamp: 0.00090).
It has to be highlighted that it has been assumed that the benchmark luminaire has the
same lifespan as the LED table lamp developed, but if the lifespan was less (which is likely
due to the long lifespan of the demonstrator) the environmental impact of the benchmark
would be even higher compared with the demonstrator total impact.
4.6.3. Results per Process Contribution
The results (Figures 11 and 12, and Table 7) of the comparative assessment are pre-
sented per process contribution. A 1% cut off has been applied to the results displayed in
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the figures and tables to avoid showing the processes with minor contributions to the total
impact of the product.
Figure 11. Results per process contribution of ONA LED table lamp.
Figure 12. Results per process contribution of benchmark.
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Table 7. Results of the top 5 more impactful processes of the new lamp and the benchmark lamp.
No. Process Database Unit New Lamp Benchmark
1 Hard coal, burned in power plant/ES U Ecoinvent Pt 3(25%)
10
(27%)
2 Natural gas, at production onshore/DZ U Ecoinvent Pt 1.8(14.5%)
5.8
(15.6%)
3 Disposal, sulfidic tailings, off-site/GLO U Ecoinvent Pt 1.3(10.4%)
3
(8%)
4 Lignite, burned in power plant/ES U Ecoinvent Pt 1(6.7%)
2.7
(7.2%)
5 Natural gas, at production offshore/NO U Ecoinvent Pt 1(5.4%)
2
(5.7)
The top five processes with the highest environmental impact in the product lifecycle
of the new lamp and the benchmark lamp (Figures 11 and 12 and Table 7) are: (1) ‘Hard
coal burned in power plant/ES U’, where the new lamp developed has 33.3% less impact
(3 vs. 10 pt) than the benchmark lamp (), (2) ‘Natural gas, at production on-shore/DZ U,
where the new lamp has 32.2% less impact (1.8 vs. 5.8 pt) than the benchmark lamp
(3) ‘Disposal, sulfidic tailings, off-site/GLO U’ , where the new lamp has 23% less impact
(1.3 vs. 3 pt) than the benchmark product, (4) ‘Lignite, burned in power plant/ES U’ ,
where the new lamp has 27% less impact (1 vs. 2.7 pt) than the benchmark product,
and (5) ‘Natural gas, at production offshore/NO U’, where the new lamp has 20% less
impact (1 vs. 2 pt) than the benchmark product. In all these five processes, which represent
the processes with the highest impact, the benchmark lamp has substantially higher impact
than the new lamp developed. All these processes are related with the production of
electricity required to make the luminaire function during the ‘use phase’ over its lifespan.
Since the lifespan considered (93,000 h) is quite long, the energy required is substantial,
and the environmental impact of the processes related with the production of energy take
the highest values. All the remaining processes have a minor relative impact in the total
impact of both luminaires. When the relative impact of the processes are analyzed in
relation to the total impact of each individual lamp, it is found that the relative impacts
(%) of each processes within the total impact of each lamp have similar relative values
(e.g., process 1: 25% vs. 27%), which means that the relative contribution to the total impact
of each process for each lamp does not varies significantly between them, so the difference
in total impact between the new lamp and the benchmark lamp is distributed among the
same processes both luminaires evenly.
5. Discussion
The discussion about the LCIA results has been given in Section 4.6. This section is to
discuss the eco-design aim with related issues and the limitations and future work.
5.1. Eco-Design Aims with Related Issues
As stated in the Introduction section at the beginning of this paper, the eco-design
defined in this research is to create products aimed at (1) reducing the products’ environ-
mental impacts and (2) keeping the quality level according to the products’ ideal usage.
Both the aims have been achieved in the development of the new LED lamp.
The achievement of the aim ‘reducing the environmental impact’ is confirmed by
the compliance with the eco-PDS and the comparative assessments of the new LED table
lamp with the benchmark lamp, using life cycle analysis and other performance criteria,
e.g., luminous efficacy and energy consumption. The results show that the new LED
table lamp reduced its environmental impact and achieved higher energy-efficiency values
compared with the benchmark LED table lamp.
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The achievement of the aim ‘keeping the quality level’ is confirmed by the results of
several tests conducted, as detailed in Section 3.3, which have ensured the lighting quality
of the new LED table lamp.
The eco-PDS is established at the beginning of eco-design and then each subsequent
stage complies with the eco-PDS throughout the eco-design process. Although the PDS
method has been utilised in product design for many years, the incorporation of eco-
constrains in the PDS has not been given enough attention, such as those [14–17] cited in
the PDS literature review given in the introduction section. The existing research found
in the literature, such as those [18–21] reviewed in the introduction section, focuses in
particular on some aspects of the environmental impact of the lighting products, such as
energy consumption, eco-efficiency, eco-cost and LCA. None of them considered the full
list of eco-PDS. Different from the existing research, this research developed the eco-PDS
covering the whole eco-design process, as shown in Section 2.2. Because the PDS is a
control mechanism in the design process, the compliance with the eco-PDS ensures that the
product achieves the expected functions with the eco-features. This has been illustrated in
Section 3 with the new LED table lamp.
For a successful eco-design, the designed product not only has to reduce its impact
on the environment, but also has to achieve its required quality according to the products’
ideal usage; otherwise, the product will not be accepted by the consumers. This is crucial
for the product to secure its marketplace. In addition to the reduced environmental impact
and achieving the required lighting quality, the new LED lamp has a USB socket, as shown
in Figure 2, which is convenient to charge mobile phones and tablets at the use stage of
the lamp, but the benchmark lamp does not have this additional function, and, hence, the
new LED lamp is more attractive to the consumers than the benchmark lamp.
5.2. Limitations and Future Work
The limitations of this study are mainly due to the limited validation that provided
a single case study. The approach should be applied and tested to more LED-based
lighting products by product designers working in different companies, which would
allow the checking of not only the validity of the approach, but also how the approach
works with different types of end-users, with different experience, capacity and capabilities.
Further validation will also provide useful feedback and insights to improve and refine the
approach further and make it more usable to achieve the impact (e.g., environmental impact
reduction in LED lighting products) expected by the application of this type of approaches.
This study focused on the environmental impact of the lighting product, although the
LCA results include human health as one of the three end points. It could be further
extended to product sustainability which covers environmental, social and economic im-
pacts. To do so, social life cycle assessment could be conducted, as well as to consider the
product’s cost, market values and other aspects of economic impact.
The eco-design conducted in this research covers the product design and manufacture
stages of the product life cycle. The future research could cover the remaining stages
of the product life cycle including retail, consumption, repair, maintenance, recycling,
reuse and end-of-life treatment of the product. This will complete the product lifecycle
loop with the sustainability consideration, in order to fulfil an integrated sustainability
investigation through the whole life cycle of lighting products. The checklist method
presented in [58] for sustainable product development can be adapted, which allows the
qualitative assessment of environmental, economic and social aspects during the early
phases of product development while considering a full life cycle perspective, and the
check list can be considered to improve the eco-PDS.
6. Conclusions
This research developed an integrated approach for the eco-design of LED-based
lighting products. In addition to product design specification, conceptual design and detail
design, the eco-design also includes prototyping, testing and manufacture, the results of
Sustainability 2021, 13, 488 21 of 23
which validate the designed product. Several tools and methods are applied at different
stages of the eco-design process, in order to reduce the product’s impact on the environment,
while ensuring the product quality. Such an integrated eco-design approach specially
focusing on lighting products has not been seen before, and, hence, it is a novel contribution
to the eco-design of lighting products.
Eco-PDS, i.e., product design specification reflecting the eco-features of the product
is developed, which the product has to comply with at each stage of the eco-design process.
Although the PDS method has been utilised in product design for many years, the incorpo-
ration of eco-constrains in the PDS has not been given enough attention. Therefore, this is
another novelty in eco-design.
An LED table lamp was successfully developed by the application of the integrated
eco-design approach. The application illustrated how relevant methods and tools, as well
as the eco-PDS, were utilized throughout the eco-design process.
The LCA of the developed LED table lamp has been conducted in comparison with
a benchmark LED table lamp. The assessment results showed that the new LED table
lamp developed has substantially less environmental impact than the benchmark LED
table lamp, (14.608934 vs. 43.883193), which validates the approach.
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